INTRODUCTION
The central role of transient increases in cytosolic free Ca2" concentration ([Ca2-]1) in intracellular signalling related to stimulus-response coupling is well established. Such signalling requires the entrance of Ca2+ to the cytosol from the extracellular fluid and/or mobilization of the cation from intracellular sequestering sites. In contrast with cytosolic free Ca2 , intracellular Ca2+ sequestered within organelles such as the endoplasmic reticulum (ER) is generally perceived as being nonregulatory. As described in recent reviews [1, 2] , however, a variety of evidence supports a role for sequestered Ca2+ in maintenance of high rates of protein synthesis in intact mammalian cells. Mobilization of sequestered cation consequent to the application of specific hormones or drugs results in the rapid suppression of translational initiation, regardless of changes in [Ca2+] i. Early glycoprotein processing has also been proposed to depend on adequate degrees of Ca2+ sequestration [3, 4] . Since disruption of protein processing following mobilization of sequestered Ca2+ was consistently associated with strongly suppressed rates of amino acid incorporation, putative coupling of the rate of translational initiation to the functional status of the ER was proposed [4] .
The ER functions prominently in early protein processing and is currently accepted as a major Ca2'-storing organelle. Nonetheless the organelle is sufficiently heterogeneous in terms of its biochemical, functional and morphological properties that characterization of its role in Ca2+ homoeostasis has proven translational initiation. With longer (1-3 h) exposures to thapsigargin, recovery of translational activity was observed accompanied by increased synthesis of the ER protein glucoseregulated stress protein 78 or immunoglobulin heavy-chain binding protein ('GRP78/BiP') and its mRNA. Such inductions were comparable with those observed previously with Ca2l ionophores which mobilize the cation from all intracellular sequestered sites. Actin mRNA concentrations declined significantly during such treatments. In HepG2 cells processing and secretion of the glycoprotein a,-antitrypsin were rapidly suppressed by thapsigargin. Ca2l sequestered specifically by the ER is concluded to be essential for optimal protein synthesis and processing. These rapid effects of thapsigargin on mRNA translation, protein processing and gene expression should be considered when evaluating potential mechanisms by which this tumour promoter influences cellular events. elusive and controversial [5] [6] [7] . The apparent lack of specificity with which most Ca2+-mobilizing agents perturb various Ca2+ pools of non-muscle cells has precluded accurate appraisal of the role of ER-sequestered Ca2+ in any given process. By contrast, the tumour-promoting sesquiterpene lactone thapsigargin is believed to deplete the ER-sequestered Ca2+ pool specifically [8] . Initial effects of the drug are attributable to selective inhibition of the Ca2+-ATPase of the ER [8] [9] [10] . Since depletion of ER Ca2+ stores by thapsigargin is usually accompanied by a significant rise in [Ca2+] i [8] , effects of this tumour promoter on cellular parameters such as proliferation and survival are most commonly interpreted to result directly from mobilization of Ca2+ to the cytosol. For example, the cytotoxic effects of thapsigargin on cultured keratinocytes were proposed to result from a longlasting flooding of the cytosol with Ca2+ [11] . In 
EXPERIMENTAL

General methodology
Procedures for culture and harvest of GH3 [16] and HepG2 [4] cells, for analysis of ribosome size distribution [16] and for determination of cell-associated 45Ca [14] have been previously described. Amino acid incorporation was measured as described previously [17] [18] . Two-dimensional PAGE was performed as described previously [19] . Protein was determined by a Coomassie Blue dye procedure [20] . ATP and GTP contents were determined in 10% trichloroacetic acid extracts of variously treated preparations by h.p.l.c. as described [4] . Figure 4 as the high-mannose and complex forms of the glycoprotein has been described previously [3, 4] . Inhibition comparable with that observed with the Ca2+ ionophores A23187 and ionomycin at 100 nM was attained with thapsigargin at 2 nM.
Inhibition of protein synthesis by agents that mobilize Ca2+ from intracellular sequestered sites has been attributed to an impairment of translational initiation [1, 2, 16, 26] . The polysomal contents of thapsigargin-treated GH3 cells were therefore examined to ascertain whether the specific depletion of the ERsequestered Ca2+ pool altered the initiation step. Thapsigargin was found to inhibit polysome accumulation similarly to A23 187, which mobilizes Ca2+ from all intracellular sequestered sites (Figure 2b) . Results (not shown) were identical for preparations incubated at 2 mM or 75 ,uM extracellular Ca2+. The decrease in polysome content, accompanied by an enrichment in 80 S ribosomes, indicated that translational initiation, rather than peptide-chain elongation or termination, was specifically affected.
Thapsigargin at concentrations in excess of those observed to provoke significant inhibition of leucine incorporation did not decrease the ATP or GTP contents of GH3 cells (Table 1) . Decreases in these nucleotides were also not observed in preparations treated with 1 ,uM ionomycin or with Ca2+-free medium containing 1 mM EGTA. By contrast, arachidonic acid and the metalloendoproteinase inhibitor benzyloxycarbonyl-glycylphenylalanyl-amie (Cbz-Gly-Phe-NH2), each of which mobilize sequestered Ca2+ from GH3 cells [25, 26] , lowered ATP and GTP contents in a concentration-dependent manner and over the range of concentrations wherein leucine incorporation was inhibited.
Perturbation of Ca2+ homooostasis in GH3 cells by thapsigargin GH3 cells preloaded with 45Ca were challenged with 3 nM thapsigargin for various times, and the amount of Ca2+ remaining cell-associated was determined (Figure 3a) . Thapsigargin mobilized Ca2+ rapidly, with maximal effects observed at 10-15 min of incubation. In contrast with Ca2+ ionophores and unsaturated fatty acids, which provoke extensive Ca2+ mobilization [26, 27] , only 40% of cell-associated cation could be mobilized with thapsigargin. Cell-associated Ca2+ and leucine incorporation were decreased at similar thapsigargin concentrations, with halfmaximal and full inhibitions obtained at 0.9 and 3 nM respectively (Figure 3c ). Increased extracellular Ca2+ concentrations, which tend to reverse the inhibition of leucine incorporation by other Ca2+-mobilizing agents, were unable to overturn the inhibition imposed by thapsigargin (Figure 3b) . At 3 mM extra- Ca2l stores induce GRP78 and its mRNA within hours in a Table 2 Relative mRNA concentrations of GH3 cells incubated in the absence or presence of thapsigargin, phorbl ester and cholera toxin Cells were incubated for the indicated times with 0.6 1/M PMA and 50 ng/ml cholera toxin in the absence or presence of 15 nM thapsigargin. Total RNA was extracted and equal amounts were applied to nitrocellulose. Filters were hybridized to radioactive probes specific for GRP78, actin and poly(A)+ mRNAs. Radioactivity was quantified with a Phosphorlmager. [12] [13] [14] [15] 35] . The GRP78 gene possesses a highly conserved promoter region that confers Ca2+-ionophore inducibility and binds trans-acting transcription factors [36] [37] [38] . Activation of such factors may be necessary for transcription of the gene in that optimal induction of GRP78 mRNA in ionophore-treated GH3 cells is known to require the elevation of cyclic AMP concentration and a phorbol ester. In the presence of these promoters optimal induction in GH.3 cells is achieved within 3 h [15] .
Protein synthesis was initially suppressed when GH3 cells were treated with 10 nM thapsigargin in the presence of cholera toxin and phorbol myristate acetate (PMA), but substantial (80-90%O) recovery was observed after 2.5 h (results not shown). At such extended incubation times, preferential synthesis of GRP78 was also observed ( Figure 5 ). Cells were exposed for 3 h to PMA and cholera toxin alone or in the presence of thapsigargin or ionomycin and then pulse-labelled with methionine, and fractions of equal radioactivity were analysed by two-dimensional PAGE and autoradiography. A 78 kDa polypeptide, previously AF identified as GRP78 [14] , was preferentially labelled in the thapsigargin-and ionomycin-treated preparations. Such preferential labelling, which was obvious on inspection of the autoradiograms ( Figure 5) , was confirmed by quantification with a Phosphorlmager. By contrast, the relative incorporation of methionine into actin was decreased in treated as compared with control preparations.
The relative amount of mRNA for GRP78 or actin did not change notably during extended incubation in Ham's F-10 medium ( [15] ; Table 2 ). After 3 h incubation with thapsigargin alone, a significant increase in the amount of GRP78 mRNA was detected. However, much greater (8-10-fold) inductions of GRP78 mRNA were observed when PMA and cholera toxin were included in the incubations with thapsigargin. These large inductions, which were apparent as early as 1.5 h of incubation, were not observed with PMA and cholera toxin alone. The amount of actin mRNA, by contrast, was observed to decline in a time-dependent fashion in thapsigargin-treated preparations throughout 5 h of incubation. The rate of decay of actin mRNA was not influenced by the presence of PMA and cholera toxin. The modest variation in relative amounts of total poly(A+) mRNA recovered from the variously treated preparations could not account for the dramatic effects of thapsigargin on GRP78 mRNA and actin mRNA levels. Processing ofaz-antitrypsin to the mature form in HepG2 cells requires synthesis of the appropriate precursor form of the glycoprotein in the ER, followed by transport of the precursor from ER to Golgi [43] . A Ca2l requirement for this conversion has been established [4] , but the site of the Ca2' requirement was not previously identified. In the present paper, thapsigargin was found as effective as a Ca2+ ionophore in slowing the processing of the high-mannose precursor form of a1-antitrypsin and the subsequent export of the glycoprotein. It is apparent, therefore, that Ca2+ sequestered specifically by the ER is essential for efficient glycoprotein processing and secretion in these cells.
DISCUSSION
In most cell types examined, including GH4C1 pituitary cells transfected with a plasmid containing the cDNA for proinsulin [44] , the discharge of sequestered Ca2' by thapsigargin is associated with a transient increase in [Ca2+]; [8] . This increase develops more slowly than that provoked by hormones, and is frequently followed by sustained Ca2+ influx from the extracellular medium consequent to increased permeability of the plasma membrane to the cation. These observations are consistent with a 'capacitative' coupling model [45, 46] , which specifies that plasmalemmal permeability to Ca2+ is controlled by the degree of filling of the sequestered Ca2+ pool. Results from the present study indicate that GH3, like neuroblastoma [47] [57] . Thapsigargin is reported to promote Ca2+ efflux from various cell types with an ED50 of approx. 10-80 nM [8] . The potency with which thapsigargin was found in the present work to mobilize cell-associated Ca2", as well as the inability of thapsigargin to raise [Ca2+]j, in GH3 cells are clearly consistent with unusually active plasmalemmal Ca2+ pumping in this cell type.
In contrast with the inhibition of protein synthesis observed with other Ca2+-mobilizing agents, inhibition by thapsigargin could not be prevented or reversed even partially by increasing the extracellular Ca2+ concentration. In investigations of the mechanism by which this highly lipophilic agent inhibits the Ca2+-ATPase of isolated sarcoplasmic reticulum, it was concluded that the thapsigargin-enzyme complex, which can be formed in the absence or presence of Ca2+, albeit at different rates, represents a 'dead-end' structure incapable of binding Ca2+ [58] . If thapsigargin interacts similarly with the ER Ca2+-ATPase, then irreversible depletion of ER Ca2+ stores would be expected.
Although not a member of the phorbol ester class, the behaviour of thapsigargin is characteristic of a tumour promoter. For example, the drug provokes an inflammatory response, followed by hyperplastic growth of mouse epidermis [11] , and in certain cultured cells induces cytotoxic phenomena [11, 59] . The rapid induction of the proto-oncogenes c-fos and c-jun in NIH 3T3 cells by thapsigargin has been concluded to indicate that Ca2+ signalling itself controls expression of growth-and transformation-related genes [60] . The persistent emptying of ER Ca2+ stores of smooth-muscle cells by continued treatment with thapsigargin was recently hypothesized to signal cytotoxic events [59] . An alternative to Ca2+ signalling, based on the findings of this and other reports, is the rapid suppression of translational activity that occurs consequently to depletion of ER-sequestered Ca2 . It is believed, for example, that enhanced degradation of short-lived repressors of proto-oncogenes follows exposure to non-specific inhibitors of protein synthesis such as cycloheximide and puromycin [61] [62] [63] [64] . Furthermore incubation of quiescent NIH 3T3 cells with cycloheximide or puromycin is reported to be necessary and sufficient to induce DNA synthesis in these cells [65] . Rapid inhibition of glycoprotein processing, followed by induction of the ER-resident protein GRP78 in thapsigargintreated cells, represent additional early events that could conceivably signal important changes in patterns ofcell proliferation. In this regard it is of interest that competitive inhibition of genes coding for a set of ER proteins including GRP78 retards cell growth and lowers viability after ionophore treatment [66] .
GRP78 is rapidly induced in mammalian cells following depletion of sequestered Ca2+ and other treatments that impair early protein processing [31] . Although the stimuli triggering induction of the protein are well understood, the nature of the signal that must be relayed from the ER to the nucleus to activate transcription of the GRP78 gene remains elusive. Inhibition of translation is not required, since significant induction of the protein is observed with ionophores at low concentrations that do not change the rate of protein synthesis [35] . Translational initiation of GRP78 mRNA has been found to be exceptionally efficient, such that the message resides almost exclusively with polysomes regardless of treatments that deplete sequestered Ca2+ [15] . Such efficient initiation may relate to the unusual 5' leader sequence of the mRNA, which can directly confer internal ribosome binding independent of the 5' end of the message [67] . By contrast, other messages, such as actin mRNA, loaded poorly into polysomes of ionophore-treated GH3 cells and tended to distribute with ribonucleoprotein particles, ribosomal subunits and 80 S monosomes [15] . It is conceivable that the decay of actin with thapsigargin reflects a lack of protection by polysomes against destabilizing influences or nucleases that degrade this mRNA. Further investigations with thapsigargin should prove helpful in identifying and characterizing the pathways through which modifications in the functional status of the ER signal changes in mRNA translation, glycoprotein processing and gene expression.
